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BPURTWORD

The resesrch reporte . her: - was carried out under
Contract No., &F 33(059)-1Y727, ~atween the Ohio State
University and the Aew= Meadigca) Laboratory, Wright Air
Development Tenter, Wright-Fait: “son Air Force Base, Ohio,
Capt. Ira Barash served as the ):rvject Engiheer for the
Aero Medical Leboratory under the authority of Prcject No.
72)8.71723 *Biophysics of Escape’,

All animals uged in the physiological eupérimentn,

Gegeribed in this report were treated in accordence with
the rules of the American Medical Association.
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ABSTRACT

The advent of wmcdern high speed transportation kas brought into
extensive use many types of rectraining devices as an active means of
preventing bvodily injury frow high peak de.:lerative forces of saort
duration. Men's interest in travel in the upper atwosphere and in
space itself with recsonavle assurance »f ~afe return has introduced,
also, problems 4ir -“ilch the tolerance of tihe body, anatom:l.oal as, well
as physioclegical, must be known.

This investigation has besn undertaken prima:rily in response tc‘
the request of safety engineers who are in need of information cone
cerning the stremgth of the human skeleton end the efrecta of rapid
decelerution producdd by safety devices. :

Our o.np'roach to ths investigation of morphological d.amage and

“the force required to produce it has veen done ULy testing the strength '

of the structures that comprise the pelvic girdle inclusive of the
acetebulae and femura. This has been done by snalysis of the ultimate
breaking strength of bones (n the isolated and imtact state, and by
anaiysis-of the ultimate breaking strength of a geries of bones,: -

.. liganents,: nnd ouscles vhich coiuprise the joint. Tests: haxe Jpeen: eon-_.:,.,;
.. ductad:dn:bokh.atatic and. d.ynnué conditions on unombal.md hugin, e e
‘ cadavor mterials.

‘Detailed mathods of e.pplying force and reeulting fractures have

been Aescribed for all structures. In the intact cond.ition, fracturea,

of the femurs Ao fhot occur when the force is applied by cebles o the -
iofericr aurface of the neck of the femur; or when a force is appliad

to the buse of the eacrum. IFrectures of the lateral wall of the pélvis

apd. scetabulum A0 not produce fractures or disjunction of the sacro-
11fac joint. The stremgth of the pelvic ring i&é directly relasted to

the stiength of the unterjor and postarior wall and as such the strength
of these walls must be known to correctly ascertain the inherent
strength of the entire pelvic ring. Primary fractures of the publc-
rani, unilateral or bilatersl, produce sezcondary fractures or diss

- Junction of the sacro-iliac Joint by dierupting the integrity of the.

counter~arch of the pelvis., Tha counter-arch is, therefore, the
important factor in maintaining the inherent stremgth of the pelvis
for the reason that it ties anteriorly the weight-bearing arches

- that are confluent with the sacrum.

Previows data from this laborstory (Joffee L08) shows that cone
gestion of the lungs interpreted as congestive heert faillure, is the
primary pathological result of deceleration into abdominal safety
belts. 3y high apeed X-rays taken st the rate of 50 frames per second
at ths instant of deceleration, we have described a possible mechanism
for the cardiec failure produced by Joffee,
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These experiments suggest that the mechanism by vhich cardiac
damage is produced in rapid deceleration involved the action of the
belt in suddenly blocking blood flow in the abdomen, both in the
vent cava and the sbdominal esorta. Since the flow of blood from
the upper region of the body is toward the heart, the effect produc-
ed in similar to that of a3 closed liquid system subjected to a force
freom below and above. Therefore, the heart is squeezed between
these two forces and stretched in the transverse direction. This
phenomenon 1s analogous to the deformation ¢of a rubber balloon
filled with water which is suddenly and forcibly deformed by forces
acting from below and sbove. In these experiments, the changes ’
aoted elther diminished or completely disappeared within & fraction
of a second after the force was applied. Even so, it is possibie
that this force might produce cardiac pathology by momentarily
_stretching the muscle beyond its limit of distensibility. Further-
-more, it i1s likely that higher forces of deceleration might result
in permanent deformation of wocardium.

- A third phase of investigation was undertaken to determim the
tolerance of dogs to repid deceleration with force applied to the
region of the ribs by abdominel safety bvelts. - Final conclusi‘cna on
this phase must be deferred because it has not been possibvle with
the existing apparatus to deliver emough force under free fall
‘conditions to produce perment damage to- the skeleton or visceral
organs .

Nevertneless , some minar but definit+< damage wg_s--nétedv-to—the"
beart, liver, and kidney at 56 g,measured cy accelerometers at level
of the fourth rib., Histological exsmination of thiese: -organs:ravealed -
hemorrhage in myocerdium, subcapsular hep--. :sge of “liver, “and: 4o ohe
case, & genera). congestion of the vessels of' tblh‘ cortex involv‘lng o
the interlobar vessels. . R

'I'hough the hesrt, by virtue of its position y 18 part:lcu.lerly

vulnerable to violence, the liver and kidney may also be included
as areas in which damage may ve produced.

PUBLICATION REVIEW

This report has been reviewed and ia approved

FOR THE COMMANDER:

JACK BOLLERUD »

Colonel, USAF (M)
Chief, Aero Medical Laboratory
Directorate of Research
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SECTION I
INTRODUCTION

For muny years the safety engineer has been lnterested in the
problem of preventing bodily injury from rapid decelerative forces.
With the advent of modern, high-speed transportation this problem
has become extremely important, not only to the aviator, but also
to the automobilist, and even to the pedestrian. If man is to
successfully travel in the upper atmosphere and even in space itself
with reasonable assurance of safe return, he must have a thorough
knowledge of the forces he will encounter and his tolerance to these
forces. Furthermore, the craft in which he travels must be engineered
to his physiological and anatomical tolerance.

One may actively protect himself by keeping these decelerative
forces within the physiological and anatomical safe limit, but un- -
fortunately this safe limit has not been accurately ascertsined.
Added protection may be gained by the adoption of various types of
devices such as the antli-g sult, or by devices such as the abdouinal
and/or shoulder type safety belt. It is the latter, the safety belt,
that 1s of particular interest in thie research. The effedts of
safety bvelts have been studied with consideration of BdtH the ana-
towical and physiological aspecta. This combination of enatomy and
physiology should at once emphasize the complexity of the problem of
tolerance and should emphasize the nuzerons aspects which one must,
of neceasity, .onsider in solving the problem of "how much force can
the human body tolerate.” At a recent meeting of the Anatomists,
the fact was stressed that the solution of anatomical problems must
include the probiem of function; the converse is also true -- "the
study of function must also inciude the study of structure." In
this research, we have 8 atriking example of the common meeting
ground of both. .

The anatomical aspects have been visualized from the mechsnical
viewpoint, l.e., a survey of the component parts of the skeleton re-
ceiving the force and the magnitude of the force required to cause
complete franture of the structure. This, in turn, was approached
from the standpoint of first isoleating these structures, testing
each separately and, secondly, testing the same structure in its
true anatomical orientation.

We have alao studied the thoracic snd abdominal viscera from the func-
tional viewpoint since, during the early stages of this research, it became
increasingly evident that the heurt was extremely vulmerable to nonpenetrate
ing forces vwhich strike the cheat or to forces vhich were delivered to the
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chest by way of the abdowen, such as happens with the abdominal type
safety belt. Occasionally, following eccidents which involve arpli.
cation of severe forces to the thorax of a person, a cliniecl con-
dition of congestive heart failure ie cbserved. Our interest is in
describing the mechanism which produces this symptom in controlled
laberatory experiwments.

This line of research was first adorted because the original
spongor of the project, the MNaiiomel Zafety Council, was confronted
with industrial accidente Givecily i .ieted Lo safety belts and
harnesses in which individuals have sustalined severe injury and even
death, The symptoms, in most cases, were latent in appearance and
poorly defined. The cause of injury ot death was ilumediately attri-
buted to the attachment of the safety belt to the inferior eurface
of the chondrocostal arch which resulted in the compression of the
abdomen and in forcing the viscera agasinst the diaphragm.

This research vas later tsken over by the Wright-Fatterson Air

-Force Base because of their interest in the problems of the strength

of the human body in relation +0 both the ejection seat and the
safety belt. ,

One might sssume that certain 1njurious effecta both physiologi-
cal and enatomiesl, are brought about by the use of earety bel_ts__whon L
individuals ave subjedted to high-paak deécslerative forees of shsrt.”
duraticn. However, at ieast one group preaently 1nveat1¢eting the
problem has minimized, and in stme ihstances comiplétely derded, ANy

affects of fordes applied in this manner, A cursory glance at the

literature and experimentel results «f the various groups invemtigating this

problem will emphasize ite controversisl nsture, - Mich of this contm-
varsy has cume about as the result of crash injury investigaticns in _
vhich hundreds of accidéents were analyzed from the standpoint of locetion
of injury end camparison of the injury related to the use of, or disuse-
of , the lap belt snd/or shoulder type of safety harness, It is the
opinion of Hugh DeHaven, head of the National Research Council on Crash
Injury Research, that seidom, if ever, has the use of the safety harnese
resulted in injury in the region of the body where the belt ie attached
and hence, the head is the most important regicn of injury., This is

due to the head striking scme hard object, Safety, therefore, can be
engineered gince the human body has a tolerance considerably in excess

of the strenmgth of the surrounding etructures,

We are in complete agreement with the proposition that the human
body cen withstand extremsly high-peak forces of short duration. We
must, however, accept with certain reservations, the proposition that
safety belts are harmless. These reservations are based on evidence
from this and other laboratories and from considerable evidence gained
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from clinical investigation which shows clearly that non-penetrating
chest injuriea produce symptoms of cardiac failure, namely, the
symrtoms of congestive heart failure. It is not our desire tc cou-
pletely disagree with DeHaven and certainly not to recommend the

disuse of belts. We believe, as he must - 7. Delieve, that soume
injury to the viscera and bones is alwaye ..t~ than loss of life
which would result if the belt were not used. ! believe, neverthe-

less, that in order to provide complete protec.... . the latent syup-
toms which result from impact force, either with or without harness,
must be fully recognized and further engineering must be based upon
this recognition.

An example of the opposite point of view is the crash injury
report of Dr. Teare which appeared in the BRITISH MEDICAL JOURNAL
in Septenmver, 1951, concerning the Viking aircraft crash at London
Alrport. We wish to quote from the article appearing in SCIENTIFIC
AMERICAN, December, 1951, as reprinted by the Crash Injury Research
Council in order to elucidate the controversy more clearly.

"When an airplane crashes, the safety belt that passengers
are required to-fasten around their waists may become a
deadly hazard. A British physician, named Donsld Teare,
examinsd 28 vietims of a crash at London Airport and found
that 16 were killed by chest and abdomen injuries result-
ing from acute flexion of the body over the safety belt.
Eight of the victims had suffered a rupture of the aorta.
An extremely rare injury, almost never found except in
plane accidents."

Equally controversial ies the question of man's tolerance to high-
peak impact forces. It has been shown by data from crash injury in
aviation and in free-fall from high altitudes that under certain con-
ditions the human body can tolerate 165 g's without serious damage.

On the other hand, it was the popular belief that the snubbing action
of a 1000-1b. safety telt was capable of producing considerable
internal injury and was even capable of cutting people in two.

Obvious difficulties arise when one attempts to underatand the
tolerance of the humen body to high-impact forces since, as one would
neturally expect, human volunteersg are hard to obtain in this hazard-
ous work. This 1s the approach to the problem in the investigation at
Muroc Lake, Californis, et the Edwards Air Base. To dete, humans
have been decelerated at a peak of L6 g's without apparent injury.

In the absence of human volunteers, however, one must accept the

line of investigation adopted by the Committee on Crash Injury Research
vhich attempts to reconstruct accidents by a determination of the
average "g" force from the decelerative distance and the velocity

at impact. This procedure does not, however, seem to solve the general
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problem because ilie phenomena are not controllable and only a deduc-
tion akout the actual forces involved can be made. One may, on the
other hand, proceed as we have done, using unembalmed humern cadaver
paterial and experimental animals in laboratory controlled experil-
ments. With Crash Injury, as with our own experiments, difficulties
arige when one attempts to transfer thegse date to human living con-
ditions. We feel that uneubalmed cadavers epproach the living state
as nearly as is practicable at this tiuwe.

Four important factors must be controlled: (1) magnitude of the
force; (2) direction of the applied force; (3) duration of the force
and (4) the area of the body over which the force is applied. It
seems altogether believable at this point that a tolerance exists
for each of the vettors resulting from the myriad positions in which
the body may be placed snd also for the infinite rates of decelera-
tion which exist. It is for these wany reasons that when one speaks
of tolersnce, the tolerance to each of the above varigbles must also
be given.

No one laboratory is capable of providing all the data which is
neceasary 4o fully understand the resistance of the body to decelera-
tion, or to provide an anlaysis of ali the forces involved. The
ultimate goal of the various laboratories engaged in this work is to
provide complete protection to individuals subjected to high de-
celerative forces. Much of this data, eéspecially-that obtained from
bone studies, has bcen used to construct a model of the human body
vhich may be used in test equiprent rather than using the living
human body itself.

We have pointed out that the approaches to the subject of tolera
ance of the human body and protective devices against high-peak dee
celergtive forces are many. Since this type of investigation can bhe
considered to be in its infancy, we have tried, et this stage,to cuﬁ
dovm trees rather than dbushes., This report contains seversl
aspects of the verious approaches to this problem. The three<fold
objectives are as follows:

l. To provide informetion concerning the strength oi the
pelvic walls, inclusive of the acetsbulae and fewmurs.

2. Through the use of high-speed X-rey, todescribe a pos-
sible mechanism for the production of cardiac failure,

3. To measure the tolerance of dogs to rapid deceleratinn
and to provide informetion which would contribute to
the solution of the problem concerning the poseible
danger resulting from the use of abdomiral safety belts
in repid deceleration.
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SECTION II
REVIEW CF LITERATURE

A. Nompenetrating Chest Injury

In this laboratory it was shown that the cardisc failure produced
by high-peak impact was assocleted with the symptoms of nonpenetrating
chest injury. Since the literature on cardiac failure as a result of
deceleration into abdominal safety belts is practically nil, it is
advissole to give a review of the literature on nonpenetrating chest
injury; first, because the electrocerdiographic changes under the con-
ditions of our experiments were shown to be strikingly similar, and
secondly, it seemed important from the standpoint of determining end
understanding the mechanism for the production of such injury.

The legal aspect of the problem has great inxportance in determin.
ing whether or not a given individual should receive compensation.
This question alope has given impetus to. the lLittle experimental.work
that has been done in this field. Hecht (1la) points out ite importe
sace from both the industrial and military points of view. Most

papers, however, stressed to some degree its importance in determining

compensation for individuals who had received somé dégres of non-
penetrating chest injary. In this age of rapidly moving forms of
trapsportation in vhich individuals may be subjecteéd to nonpenetrating
chest injuries by a variety of means, the importance of this problem
in protecting them financially and from the possibility of heart
damage 18 roadily upparem..

Misinterpretation and misgiving concerning the degree of cardiac
damage froum nonpenetrating wounds is obvicus from a cursory glance
et the literature, since must of the evidence compiled 4s from the
clinic. For example, Bright and Beck (10) made a study of some 200
cases in vhich individuales were known to have sustained some degree
of cardiac injury from nonpenetrating chest wounds. About 90% of
these cases resulted in fatal heart rupture and the obvicus conclu.
sion from this statistical analysis showed the heart to be capable
of withstanding only a amall degree of violence and that recovery is
the exception and not the general rule., These authors, however, were
guick to peint out that the mejority of nonpenetrating wounds are not
recognized clinicelly, since the degree of damage msy be subtle or
latent in appearance; therefore, the exceptions more often found their
way into medical literature. The latent appearance of damage is
brought out by Barber (L) who reported a case of cardiac injury dat-
ing back to 1917.
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At this point, the major problem involved may be stated in the
interest of clarity. Kissane, et al, has wade this clear: '"That
pevere traume (nonpenetratings to the chest will cause lesions of
the heart, great vessels, and pericardium is well substantiated in
medical literature from sutopsy reports. However, it is aut genmer-
ally accepted that less severe traumn will cause =lid changss whinh
have & tendency to recover," Addir_.nal paners =3y ba clue?
further elucidsie ti pocklea. Sigler "2} :{utes: “Teangy . .o~
18 frequently overiooked because of <::- ieeiing TRoY VAP wire T wand
and cushion effect of ihe lurg prev =8 trrums.' Tissane {34, 0
states, "opinions differ pertaining to production of cardiac lesions
by nonpenetrating wounds of the chest," pointing out that these
studies lack information concerning normal conditions of the heart
prior to injury,

Since for piroper evaluation the wethod used in collecting this
data is important, the two methods will be dascribed briefly. Experie
mentally, dogs have been used and subjected to varying degrees of ‘
chest injury. The results were recorded on electrocardiographic
machines and collected from gross and wicroscopic autopsy findings.
Becsuse of the uncertainty with which these data could be applied to -
human beings, attempts were made to gather clinical cases as & result
of industrial and automobile accidents in which it seemed likely that
the individuals had received some degree of chest injury Both methoda
are adbject to oriticism. . o

The types of forces which cause cardiac damnge wvere anslyzed and
are here presented:

'1. Blows to the precordium (1lla, 26, 34, 35)
2. Lifting of heavy objecte (2&)

3. Sudden compression of the sbdomen. ibis»occurs with .
- abdominal safety velts (19, 110)

L, Compression of the chest {2k)
5. Sudden increase in intra.sbdominal pressure (24)

6. Injuries distant from the heart may also cause damege;
sudden compression of the legs and sbdomen (10, 31)

Although the report of Bright and Beck (10) Goes not deal directly with
nonpenetrating chest wounds, this paper has been reviswed because it
elucidates one mechanism,or & possible mechanism of producing heart
damage,
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Forces cause dawage by:

1.

2.

3

Throwing the heart against the bony structure of the
thoracic cage (18, 19);

This causes the heart to be torn loose from its wmoore
ings to the pericardium und the great vessele (19);

Forcing the blood back to the ventricle ceusing an
increase in intracardial pressure (7, 19);

Causing & chenge in the volume and shape of the chest

and a consequent displacement of the heart and medias. .

tinum (19).

Upon receipt of injury:

1.

2.

3.

6.
Te

Since the same type of force does not always produce the same type of
damage, certain factors have been listed that slter the nature of the

force:

1.

2.

The heart mey rupture or burst by being thrown or
compressed against the sternum or vertebras (7);

The myocardium may rupture (8);

Contusion may occur with a subsequent softening of
the myocardial tissue. Rupture may occur later (8);

If‘the'd&mége 19'n6£‘too nevare, the heart may
recover (34, 35);

Sywptoms and electrocardiogrephic changes may appear
at & later date (110, 1la);

Heart may feil completely (34, 38);

Symptoms may persist and be accentuated by vigorous
exercise (10).

Flexibility or resiliiency of the thoracic cage. Young
people seem to be lese susceptidle to damage to the
same force.

Condition of the heart prior to application of force.
Diseased hearts are more susceptlble to the same
force (24, 25, 31).
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j. Vego-sympathetic imbalance (34, 35).

4., The phase of the reapiratory cycle. Prior warning of
the impinging force causes the individual to close the
glottis and be in deep inspiration with the result that
tha force is t{ransmitted directly to the thoracic con-
tents ingtead of being damped (18).

5. The phaae of the cardiac cycle. The heart in systole
is more vulnerable tc damage than is the heart to
diastole (18).
To date, no cbjective symptoms referable to heart damage are known, and
it is for this reeson that many cases of nonpenetrating wounds 4o not
f£ind their way into the medical literature, However, a list of clini-
cal symptoms has been compiled and listed: :
L Irregular_heart sounds
2. Siight dyspnea.,
3. Gallop rhytha.
4. Systolic murmurs.
5. 'ierlcardial friction rub.

Barver (4) hes made a list¢ of symptoms of long duration, whereas the
above are usually found to be transient: .

1. Partial heart bdlook.
2. Auriculer fibrillation.’
3. A picture s coronary throuwbosis.

The majority of damege sesms to be confined to the myocardium and the
pericardium (26, 34, 31, 8). Ruptures of the valves occur to & lessger
degree. Kissane states (35): "A study of clinical cases showed that
the most frequent injuries were noted in the pericardium end myocard-
ium and related to the degree of external violence. 1In one case a
rupture of the valves was noted."

The electrocardiographic piéture is suggestive of experimental
coronary artery occlusion and tke disease, pericarditis. This was
emphatically brought out by the work of Randles (36).

It has already been mentioned that the changes in the heart do
not appear immediately; therefore, the electrocardiograph provides a
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ready means of diagnoeing injury if frequent records are made follow-
ing injury to the chest. In cases where only one lead was taken, it
was confined to the more dlagnostic lead II. Where the course of
cardiac injury was followed over a period of time, the three standard
leads were taken. However, a very important fact was brought out by
Hecht (lla); he stressed the need for the precordial lead in addi-
tion to the others since,in his study of a clinical case, changes
were noted only in precordisl leads.

It has been definitely established that these changes are those
associated vith coronaiy occlusion and pericarditis (4, 8, 24, 34,
26), and involve charges in the QRST complex. Slurring of the R vave,
temporary changes in the direction of the wave; voltage changes in
the QRS, and axis deviation have also been noted. Other changes have
been shown, but the liat above 1z considered to be the mora importent.
Evidence indicates that these changes appear from time to time and
that no two ceses are exactly alike.

Perhaps the main criticisa of all the experimental work lies in
the fact that ia all but one case, there was no attempt to calculate
the magnitude of the force. If, as Sigler (24, 25) points out, the
velocity of the force as it strikes the body is lmportent, then
knowledge of the forces involved is ever important. The Randolph
Field report represents the first attempt to do this. However; their

‘work may be writiéized from the point-of view that the Porce whith

they used (1000 g's) is too great, espacially if one attempts to show
which regions of the body are more vulnerable to force as compared
with other reglons -- in other words, to find the weakwst link in the
chain, This report, which assumes that the vagus i the wsdiator )
by means of vhich disturbances are conducted, cannot stand up to a
ceritice) statistical analysis.

Much evidence was obtained from clinical cases which could be
analyzed only after the accident occurxcd. Leinoff (19) points out:
“The history of the heart is the most important factor in determining
the relation and subeequent degree of cardiac disability resulting
from nonpenetrating chest injury." Obviously, this was not possible
in the majority ¢f cases. ' '

The lack of carefully controlled experiments is evident. More
experiments of the type performed by Kiesane (34, 35) and his group
are necessary before any definite statements can be made concerning
the problem.
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Though the problem of nonpenetrating chest wounds is far from
solved, nevertheless certaln conclusions can be drawn from the exist-
ing information:

1. Traume to the heart is a frequent occurrance in
wodily injury.

2. The force necessary to daunge the heart need not be
severe,

3. Trsuma to the huart may result in recovery in one case
and prove fatal in others. Factors which alter the
nature of the impinging force have been listed.

4. Recovery from traume is the genmeral rule and not the
exception.

5. Diseased heart is more vulnerable to damage from an
impinging force than is & normsl heart.

6. The mechanism in producing heart d;mage 15 not defie
nitely known,,

T Electrocardidéraph' changes involve the QRST complex ,
. .and give the picture assoniated. with coronnry artery
- occlusion ahd paricarditis.

8, Electrocardiographic changes may be transient and
latent in appearance; therefore, frequent records
should be taken followlng violence to the cheat.

B. Mechanical Propertles of Bones

Until the past sevaraL years, the literature concerning the ,
zechanical properties of ‘tiones was indeed scarce, in splte of the fact
that its origin dates back to 1638 when Galileo Galelei studied the
wechanical properties of bones in conjunction with studies on beam
mechanies.

It was not, however, until several hundred years later that studies
of any import were undertaken. In 1867 Von Meyer mede several studies
concerning the internal architecture of the femur and attempted to
correlate thies information with the theoretical stress-analysis studies
of the brilliant mathematician, Culman, who described the trabeculae
arrsagement of the femur. (59i
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This theoretical approach gave way sbout ten years later, 1876
and 1880, when Rauber and Messarer investigated the mechanical prop-
erties of the femur by placing samples in & testing machine and sub-
222ting)them to atatic loading to their ultimate breasking strength.

» T2

In 1892, Wolff conducted investigations on the functiorn.l forms
of bones and formulated whet is known as WOLFF'S LAW, a theory which
18 still contested, but which receives support from meny investigators
today (76a). According to Wolff, the internal structure of bone is

influenced directly by its external loading.

A rather extensive review of the literature up to 1917 was given
by Koch (59) who combined the literature of the past with his own
original ideas into a theoretical analysis of stress distribution of
the femur under vertical loading. He, in addition, calculated the
stress throughout various regions of the femur as 100 lbs. from a
graphical analysis of cross section.

The difficulties eacountered in bone studies were apperent to
even these early investigators. Attempts werée made 40 overcome these
difficulties by the construction of wodels and thereby to reduce the

- heterogenous conastruction of bone to the homogeneous structurs of
- models. The first of such models wau .constructed-in 1885 by Roux
who loaded pareffin coated rubber models and deduced mechanical props

erties of bores from these models.

No work of any consequence was reported until 1940, when Milch
(67) conducted further investigation elong the line of Roux by the
congtruction of wodels from polywsrized phenyl furmaldehyde resin.
By photoslastic studies, he deduced properties which he tho:ght
characteristic of bone itself. The difficulties here are obvious:
Pirst; can the homogeneous characteristic of the model be directly

-applied to the heterogerious characteristics of the bone structure

andé secondly, can the dimensional pattern of the model be, with
égpugity, directly applied to the dimensional characteristics of
e bone?

We must, however, mention the work of Kuntacher in 1935 and
1936 since 1t introduces a new wethod for the study of stress analysis.
This involves an extension of the work of Roux. In this case, bones
vere coated with a low tensile strength materisl, colophcnium, which,
when stretched beyond its elastic limit, caused cracks to appear in
the region su) Jected to the highest tensile strain.

During World War II, the Germans recognized the need for this type

of information. Their experience led them to believe that the gpinal
column seemed to be a critical area as & result of deceleration frqp
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the ejection seat. This led tu an importent iavestigation of the
tolerence of the spinal column in both the cadaver and living human
subjeets. Thic involved a study of the structures «f the spinal
column in the isolated and the intact state., The strength of the
individual vertebrae of the spinal column is listed below:

SEGMENT OF SPINE BREAKTNG LOAD (Kg)
C-b 275
T-1 450
T-6 600
T-8 600
T-9 720
T-10 770
T-11 860
T-12 800
L-1 1000
L-2 830
L-3 gko
Lek 900
L-5 1000

The following date wera obtained from s study of the telerance
of vertebral complexes to static loading: o _

6 vercebral segments T«10 t0 L.3
T-lao..-........69oxs
T-1

Tua .il..lll.lllehoxs
T vertebral segments T-T7 to L=l
T-B............ﬂbOKe‘,

The -dynamic tolerance of the body was directly relatédjtb
tolerance of the spinsl column. Experiments on human liviang subjects
place this tolerance at 26 g if the force acts for 0,000) saconds,

The author suggests that in an entire ceantrally loaded spinal
columm the weakest link in the vertebral chain, bMdased upon strength
of and the percentage of the load carried by the individual vertebra,
L-1 would collapse after the absorption of approximately 10 m/kg of
encrgy. , :

More recent work at Wayne University on the study of bone
structure and fracture locatlons uses the coating of bones with
"siresa coat" and epplying both static and dynamic loads to these
isolated structures. Early werk on the ekXull by "stress coat”,
%hich has & tensile stress of 0.G0085 inches/inch,end by strain
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gauges, shows the skull to deform when 615 inch pounds of energy is
avsorbed for a period of 0.0012 seconds. This same group has cone
ducted studies on the femur snd pelvic girdle.

Another group of investigators at Haval Medical Institute,
Bethesda, Maryland, has app + ¥ the pmechanical properties by
studying strength per unit - ..o =f bone. Samples of bone from
verious regions were milled dc.r to desired size and then subjected to
both tensile and compressive <truia.

The data on bone samples obtained from femur, tibila, fibula
is as follows:

Compressive strength + . . . . . . 25,400 1bg./square inch
Young's Modulus in Compression . . 2.73 x 10° 1lbs./square inch
Temile Btreugth ® € e ¢ 8 4 & 4 0 22,900-1‘0'-/89}!&!‘3 1nCh
TOrsion « o ¢ v o v o v w00 o Wbl lbs./:l.nch

Studies to determine the effects of odbalmiug showed increase in
strength from 6 to 116%.

Lagtly, the work done in this laboratory (48) (108) on the
sirength of bones has been approsched by testing the ultimate breek-
ing strength of the atructures comprising both the pelvic girdle and
the pectoral girdle. i

C. Oeneral Aspects of Deceleration

Considerable information concerning the tolerance ¢of the auman
body to rapid deceleration has been obtsined from Crash Injury
Research and experiments on huian volusiteers at Maroc lLake, Califernia.
Crash Injury Research involves an analysis and recomstruction of
accidents, both civilian and military. From these investigations,
kaowledge of the tolerance is bas¢d upon the known ultimete breaking
gtrength of the eafety belt which broke during deceleration, but
which produced little or no damage to the subject. On the basis of
this information, the strength of safety belts has been constructed
to withst&nd forces as high as 9000 1lbs.

According to the Committee on Crash Injury Reseerch, it has been
shown that individuels have survived accidents from free fall drops as
high as 200 feet resulting in an estimated 200 g force,

Perhsps the most significant research from the standpoint of
human tolerance to linear deceleration, is in nrogress at Muroc jake,
California, under the direction of Lt. Col. Stapp (152) (116). To
date, 53 experiments have been conducted on live human subjects
facing forward on a rocket propelled sled. Rsnge of deceleratlion on
the sied ranged from 10 g at 757 g/second to 46 g at 500 g/second.
Duration of deceleration ranged from 0.15 to 0.35 secrnds.
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The degree of voluntary tolerance was apparently related to the
type of restraint applied to the subject. With standard Air Force
harness, this tolerance was approached at 17 g at 1000 g/second :
With 'V' leg straps and shoulder atraps, the voluntary tolerance was
increased to 46 g with rate of deceleration at 500 g/second.

SECTION III
ANATOMICAL DESCRIPTION.

In this investigation we are interested in the more extensive
problem of general safety, which we have attacked in part by an
analysis of the ultimate breaking strength of bones, isclated and in
intact state and the ultimate breaking strength of a series of bones,
ligaments, and the muscles vhich comprise the joint.

Nature has agseigned bones two very important funetions: First,
the function of supporting the softer tiesuss which surround them,
and in some cases forming a protective box or cage for these orguans
such s the brain in the skull, the heart and lungs in the resilient
thoracic cege, or the spinal cord in the hackbone. If ome is t0
understand the body in terms of its tolerance to force suddsnly and
violently applied, some knowiedge of the atrength of these protec-
tive cages 1o mandatory. Seconfly, bonss mct as levers in the per.
formance of movement and as such transmit both tensile and compressive
stresses. This function is obvimaly performed with negligible de-
formaticn to the bome itsel. The>w sams strasses can, however, be
produced im & variety of other vaye - intentionally, as in the case
of the ejection seat, parschute descent or safety belt and accidente
elly, as in the case of sutomobile or airplane crashes. If one is
to engineer ageinst such stresses, knowledge of the structure in
terms of ites ultimate strength is again maridatory.

Bore is made up of 69% inorganic matter which is mostly caleium,
and phosphate, and 31% organic matter which is mostly fime fibers
foruing inter-lacing bundies, end connective tissue cells and bone
corpuscles placed between these bundlea. It 1s this comdination of
inorganic and organic matter, cogether vith the architectural
arrangement of these elements, that wakes vhe bone not only a hard
material but also a structure resistant to both tensile and cou-
pressive stresses. The brittle end weak bones of 0ld age are due
mostly to a diminution of fibrous tissue a2nd not to any change in
ths content of inorganic matter. Joffee (108), in this laboratery,
showed that the astrength of ribs could {n no way be related to bone
ash content.,
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Bone may be elither compact or spongy. The compact bone forms the
outer layer which is immediately surrounded by the periosteum. It is
this layer which gives bone its inherent strength and it may be said
that the strength of a bone is directly proportional to the thickness
of this layer. The inner spongy layer is somewhat hard, but is ex-
tremely weak. Dats on shoulder girdle shows the atrength of bone can
be related to thickness of the outer compact layer. Bone seems well
adapted to the job which it has to perform. This it does with both
strzngth and ecoivmy. The usual combination of organic end inorganic
paterials has already been mentioned with relation to its strength.
The wmechenical arrangement of the tubular laemellas also provides a :
structure cepable of resisting bending in either direction. Koch and
others have analyzed the femur from a mechanical standpoint and came
to the conclusion that the tubular lamellae had the best possible
arrangement for resisting both tensile ard compressive forces. As
they approech the upper end of the femur, tubular lamellae leave the
compact bone, arching and reaching the head of the femur and greater
trochanter. This system interposed bdetween & sécond system which
springs from the greater trochanter and head of the femur, crossing
the former system at right angles forming a firm, rigid and inhereatly
strong structural wember.

Of special interest 1n this phase of thﬂ study of the tolerance
of the human body to rapid deceleration are 'the bomes which comprise.

the hip which is slso celled the pelvic girdle, Alse ¢f interest s .- -
the femur which articulates with the pelvic girdle vie the a& ﬁﬂﬁuluﬁ."‘“ 7

All these structures are important vhen any forse is delivared: fﬁﬁm
below, that is, to the inferlor surface of the neck of the fewur or
to the sacrum.

The first of the three bones comprising the hip bone is.the ~ . .
ileum, the largest and the broedest of the three. The. second is: tha
ischium, which is broad and thick bshind the acetabulum, formiug-a
flat bar of bone, the lower boundary of the obturator foramen and
projects to the pubic symphysis as the inferior rami. The third tone,
the pubis, completes the boundury of the obturator forming the superior
remi. An analysis of these structures is importent when one considers
a force delivered to the body of the symphysis itself. The con-

Joined rami of the ischium and the pubis of the two sides form the
public arch in front.

The bones of the peivic girdle can be divided into three walls;
the posterior, the anterior, and the lateral. The greater yart of
the posterior wall is formed by the sacrum and, by means of the sacro-
1liac Joint; this segment is firmly wedged between the medial. curved
elements of the ilia. By virtue of the interlocking charcter of
this articulation, together with the interposed short and taut auterior
and posterior transverse ligaments, it poscesses great inherent
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strength. It is this joint which carries the greater part of the
welght of the upper part of the body. it is held in place by these
broad ligaments and thue, results in very little or no movement of
this joint. Through this joint btoth pairs of pslvic arches become
confluent with the sacrum. For this reason slone. this is one of
the most significant and iwmportant articulations. Inside the secrum
is & canal conteining roots of the sacral and coccygeal nerves,
filum terminals and other isportant nerves. Because it containe
these ilmportant structures and because it is situated in a strate-
gically important position %o support the upper frame, the ultimate
strength of this joint is exceedingly important in the tolerance of
the body to high impect g force.

It has been mentioned that the imnominate bone i1s made up of
three distinct bones which fuse at the region of the acetabulum.
This fact is important when one attempts to analyze the nature of
the fracture from a force delivered medially to the acetsbulum, via
the groater trochanter of the femur. The large part of the lateral
wall enters into the forwation of the acetabulum, the cup-shaped
socket that received the head of the femur. The upper part of the
socket is directly relatasd to the femoro-sacral arch. The right
end lef't sides of the iuncminate bone articulate anteriorly to form
the pubic sywphysis and posteriorly with the articulating adrfaces

of the sacrum, form ths aaore-iliac Joint."_

Tha thira wall, tne anxerior wnll, of the pelvic ring is formed
by the union of the-bodies of the pubic bonmes Irow which rati, ths
superior and inferior rami, exténd laterally and backward uniting
wvith the ilium and the ischium of the lateral pelvic walls. The
anterior part of the pubic arch may be considered as a counterarch
or tie that unites the veight-bedring arches, in such capacity it
is vitally importdént in malntaining the strength of thm pelvis in
its entirety.

. The femur itself is probably the best known of the bones, its
importance in supporting the body weight as a structural member has
already beem discussed. It has additionsl importance in that it
elso transmits force to the hip bome, as in a parachute descent.

The femur is considered the longest, heaviest and strongest bone

in the skeleton. Its upper end fits into the acetabulum and articulates
with the hip joint: 1ts lower end articulstes with the tidbia via the
lateral and mediasl condyles. Both- the upper &nd lower ends are
cartilage clad and will be of soms importence in testing the inherent
strength of this bone. The head joins the shaft obliquely by the

neck at an angle of 125 degrees near the trochanteric region.

Becasuse of this, the loading of the femur is eccentric loading in
contrast to the concentric loading of @ perfectly vertical structur-

al member. The neck and trochanters, greater and lesser, joining
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the shaft and neck as they do, wake them extremely vulnerable to fract-
ure. The angle with vhich the neck joins the head, and heauce spproaches
the acetabulum, is important. The greater the angle the wurs nearly
the lcading would approach concentric loading and away from eccentric
loading; hence the stronger the bone becomes &s a structural member.

The shaft of the femur 48 slightly twisted and is thinnest at
its middle third. The femur is firmly attached to the lateral wall
of the acetebulum by a atrong ligement, ligament of head of femur,
attached to the pit of the head.

Some mention has already deen mede of the importance of ligaments
in determining the strength of joints. In the region of the acetabulum,
the capsular ligawent with its thickened part, the ilio-femoral liga.
went, is attachad to the lowexr part of the anteriar superior ilisc
spine; the pubo-femoral ligawent is sttached to the lateral end of the
obturator crest; the iachio.femorsal lighment is attached to the iachium
below the acetabulum. Of these three ligamante, the ilio.femorsl
ligauent is the most important because it is ths atrongest one of the
hip Joint and enhences the strength of the srticular capsule above.

It is shaped like an invertel 'Y' whose dase is attached medially to
the ileum, with its apex attached laterally to the greater trochanter
~ and-.the: 1nter-trochanter1c Jdine. -As-this ligament fans out to meke
the lateral attachment, 4 thin ares is found tatwesn the two limks of
the 'Y'. Bince.the capgule -extonds over the sntire anterior surface
of the neck of the femur and-is inserted along the imter<trochanteric
line, the neck in this region is, therefore, included as part of the
Joint, Behind; thes capsule includes about two«thirds of the neck and
is, therefore, cxbramc&paulu‘ end should not be considerzd as & pe.r+
of the Jjoint.

The sacro-iliac Jjoint is provided with s capsular investment,
anterior and posterior sacro-iliac ligaments, which is lined by a
synovial mewbrane. The anterior ligament is actuaslly s broad and
rather thin band which closes the Joint in front throughout its
entire extent. The posterior ligament is a more robust asd thicker
structure and ia divided into three parts, the interosseous, the short
rosterior and the long posterior. These close thie joint behind and
form a dense decusaation. The interocssecus portion, the mest directly
related part of the ligament of the Jjoint, bridges transversely across
frou the lateral poaterior surface of the sscrum to the medial agpect
of the ilium adjacent to the joint and is disposed as short isclated
fascicles.

Sinceé this regaarch to date has considered mostly the strength
of the structures which comprise the joint, a cursory survey of the
classification of Joints is here given. As has been mentioned, it is
these joints that give continuity and msneuverability to the skeleton.
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Depending upon thelr function, they mey be g2nerally classified as
imannovable or movable. Also, the chief kinds of joints have develop-
mental differences and, on this basis, there results three main kinds
of Jjoints:

1. Fibrous Joints which are characterized by the fact
that they have either arisen in membrane, or were
preceded by discrete cartilage but still have a
menbranecus connecticn

2. Cartilagiaous joint, characterized by either coun-
tizoucus cartilage where cartilage hae become
chondxrified

3. Synovial joint, characterized by a cavity surrounded
by ligament lined with & synovisl membrane which
produces synovial fluild,

Of special interest is the lmmovable or slightly movabie, sacro-ilisc
Joint, and the synovial Joint characterized by the acétabulum or hip
Joint which 1is capable of considerable movement.

The strength of the articular ligaments and muacle tension are
importent factors about a Jjoint. In situations of: uonttnuous atress,
such &8 the hip Joint, these ligsmentous bands, alresdy described, are
most important. They bscome less important 1n the weak and -lax cap-
sule of the shoulder Joint, No ligaments, however, cen resist cone
tinuous streas without support. Four factors limit movement of a
Joint, apposition of the sof't parts, locking of the bones, tension of
ligaments, and muscular tension.

During the initial phases of this research, the problem was first
visualized from the point of view of the strength of the pelvic
girdle by a force delivered to the inmferior surface of the neck of the
femur; hencc, the muscles on the medial surface of the thigh (pectinmoue,
the adductor group of muscles (longus, brevis and magnus) gracilis,
and obturator externus seemed of great importance. The analysis of
this medial mass of muscles was dropped vwhen tests proved that the
combined strength of both femurs, together with their architectural
attachment to the pelvis, formed an inherently strong and robuat
Joint, irrespective of the muscles which cowprise the medial uess
of the thigh.
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SECTION IV
ANATOMICAL

Methods and Results

In order to determine the strength of the pelvic girdle, tests
were conducted upon the isolated structures of the pelvis under static
and wyuemic conditiona. FPreliuwinary tests were first conducted on the
sacro-iliac joint since,by virtue of its position and function, it is
one of the most important structures in this region.

Graduslly epplied forces were delivered to the sacrosiliac joint
by means of the Olsen Lever Transmitting Machine. The pelvis was
first denuded of all the muscles and the vertebral colump was cut be-
tween the lumbar vertebrae 3 or 4. This was done to wake possible the
delivery of gradually applied forces to the joint without contact with
the crests of the ilimc. The structure was then oriented ip a cemeat
mold and the cement allowed to gain maximum tensile and comjpressive .

 strength by curing under high humidity. Bone samples were also kept

moist until the time of testing. A 3 x 3 x 1 inch steel. block was
then pleced over the top of the vertebral segment to permit. the de- -
livery of force evenly throughout the entire surface. R

Figure 1 will make clear the: techniqua~inyolved.

R DIRECTION CF APPLIED FORCE

Figure 1, Mounting of

pelvis for static load-
, ing showing orientation

of denuded pelvis for

iliac joint with Olsen
Lever Transmitting
Machine
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Specimens were taken from robust male cadavers whose cause of
death was known. No sampies were tected from cadavers who showed
any previous damege to bone tissue.

JOINT ULTIMATE BREAKING STRENGTH {STATIC LOAD)
Sacro-iliac Average 1925 1lbs.

The fracture produced under these conditions dees not diarupt the
sacro-iliac Joint at its'articulation with the ilia. The bonea of the
posterior region are involved; that is, the sacral cornu around each
end of the sacral canal moves laterally from the lower end of the sacral
canal and splits the vertebral segments of the sacrum on the dorsal sur-
face along the middle of the spinous tubercles. This fracture occurred
in all the specimens tested under static conditions.

This fracture is quite understandable in view of the rigid mountzng
of the pelvis in the cement wold, since a force now applied to the sacro-
iliac joint at the level of the 1udbﬁr vartebrae creastés not only a .~ -
vector in the vertical direction, but alao a horizZontal vector: causing 8
deformation in this direction with consequent elongetion in the anx@rior-
posterior pelvic plana. One miuat then, visuAlize the pesultaht vé ,
an oblique vector which acts in the directlon of the sacral cornu
it 1s this lower edge of the projections where the fracture first ascurs,
This type of fracture is illustrated in Figure 2.

Figure 2. Poagterior
view of the pelvis
showing fracture under
static loading.

BSAHOORWAIEOJBQTERAL MOVEMENT
WU AND CENTRAL FR
OF SAGRAL VERTEBRAE AGTURE
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The aituation is considerably changed when the force is a dynamic
one. Jamples were agaln mounted in & cement mold as described above.
Forces were dynamically applied to the secro-iliasc joint by means of a
pile driver (Figure 1.

_~TRIP RELEASE
ACCEL EROME TER
——ADJUSABLE SCREWS

of dynamic force to struce
tures of pelvis. o

—SPECMEN

By this means a mass of known weight was accelerated a known distance.
The apparatus was especislly constructaed to deliver a uwase in free
fall (except for the amount of friction due to the guide beamas) with

a means for changing the accelerating wass and height of fall. The
guide also wade possible the delivery of force at precisely the de-
sived point. A strain gauge (Btatham) type accelerometer wag then
rigidly mounted to the accelerating mass and the force in g's waes then
determined by oscillographic recording. From the formula: F = M A

Where F = force in pounds,
M = accelerating wass in pounds,
A = acceleration in terms of g's

the force in pounds uecessary to cause fracture or disjunction of this
Joint was calculated.,
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This type of force produces a rupture of the sacro-iliac joint
proper at its articulation with the 1lia of both sides. As was ex-
pected, no fracture of the vertebral segments of the sacrum itself was
seen; rather, a disruption of the ligsments, both anterior and posterior
short and long ligaments occurred. Again, as was expected, the ligaments
tlLemselves were not involved, tut in each case the lizaments were torn

from their certilaginous wooring to the sacrum. This seems to indicate,

as was also found in the case of the coraco-acromial ligament of the
shoulder joint, that ligaments are extremely rugged and are of consider-
able strength.

JOINT ULTIMATE BREAKING STRENGIH (DYNAMIC)
Sacro-iliac Jjoint 270 1bs.

Since this sample had been previously embalmed and was somevwhat
dry, no définite conclusions can be drava from this sample and addi-
tional investigation is indicated to accurately ascertain the ultimate
breaking strength of this joint under dynamic conditions. It is the
opinion of this investigator, however, that bilateral fracture dis-
Jjunction will occur under these conditions because a suddenly and
violently applied force would cause little deformation in the aaterior. .
posterior direction and would result in one main veator; that octing
principally in verticel direction. It is for this redsoén that the
breaking load and fractures differ considerably unfer static and dynatic
conditions.

Reference is here made to Figure 4 - No. 1 for further clarifica-
tion of frecturse produced. .

Figure 4. Anterior view of
pelvis. Dotted lines show
region of attachuents of liga-
ments which rupture when a
dynamic force 1s applied to
sacro-iliac Joint.

I. SACRO~ILIAG JOINT

2. AYTAGHMENT OF ANTERIOR LIGAMENTS
3. LATERAL WALL OF ACETABULUM

4. SYMPHYSIS PUBIS
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A second series of tests was conducted on the femur, denuded of
ite wuscles and under static conditions. This was done by gradually
applying a force to the head of the femur with the Olsen Lever Trans-
mitting Machine. This series was undertaken since the femur was first
determined to be the most important region for the type of decelers-
tion experienced in parachute descent and from the general considera-
tion of the standing position in which the weight of the body is trans-
mitted, via the sacro-iliac joint, the acetabulum to the superior and
lateral surface of the head of the femur.

Preliminary tests were fiist conducted in the same manner as by
previcus investigators in order to compare our data with their data,

The denuded fewmwr was oriented in the testing machine so that a
gradually applied force made contact with the head of the femur at
one point on the superior surface (point loading) and at & point on

_.both the medial and. lateral epicondyles. A force of 2000 lbvas. wae

sufficient to cause fracture when these samples were tested to de-
struction. The breaking strength of 2000 lbs. and location of fracture
compares favorably with the results obtained by previcus investigators.

- This condition shows the greatest bending mcment is in the region
of the neck of the femur betwesn the Jjunction of the neck with the head

.of _the fewnr and vhe jundition of the neck with the greater ‘and leseer

trochantera. Because of the anatomical nature of the articular capsule
the TrastUrs is intfadapsular anteriorly and extracapsilar posteritir

1y. The capsule exteads over the entire surface of the neck and is 4n-

serted along the intertrochanteric line. Posteriorly the capsule covers
only the wedial two/thirds of the neck.

joIme ULTINATE BREAKING STRENQTH (STATIC)
Femur (point loading) 2000 1bs.

Obeervations of the results of these preliminary tests geve in-
formation which was used as the basis for another series of tests on
the femur. Flat deformsd areas were noted on the cartilage-clad head
and epicondyles where contact was made between the femur and the heads
of the Olsen Lever Tramsmitting Machine. Obviously, these deforuwed
areas absorbed some energy before the ultimate breaking strength of
the femur was reached. On the basis of this data, further investiga-
tion vas eonducted on th: denuded femur by placing cement cests on
the articular surfaces of the epicondyles and the head of the femur
(area loading) in order to more correctly simulate the actusl body
condition. This method hes advantage over previous methods of de-
termining strength in that 1t wmakes possible the delivery of force
over the area of the head of the femur and epicondyles normally in
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contact with the articular surfasces. No flattened out area of de-
formation were noted when these samples were subjected to graduaily
applied forces by this method; hence, no enexrgy is absorbed.

WAIC TR 54-218 24

JOLNT ] :
Femur (with cast) 1600 1vs.

Since no energy is absorbed in deformation of the cartilage-clad
articulsr surfaces, one would expect to find the ultimate breaking
strength somewhst lower in the case of the femurs subjected to graduasl
forces with the casts. Inspection of the above data and comparison
with the bresking strength of the former showas thias to be the case.

More importent, however, is the difference in the nature and type
of fracture under this condition. The fracture produced in the former
case has already been 4sscribed as being intracapsular in front and
extracapsular behind. The fracture by the latter method is completely
extracapsular; that is, does not ianvolve the joint proper since it
occurs laterally to the neck and carries with it part of the tro-
chanters, and by virtue of this fact indicetes aluo a changc in t\s
position of the greatest bending moment.

We balieVa at thia“point that the ‘latter method herein described,
approximates more closely the intact condition and describad more
accurately the behavior of the femur, both with respect to fracture
and ultimeté breaking strength.

Figures 5 and 6 will make clear the techniquea used in teating
this structure and the types of fraetures produced.

Figure 5. Fractures of
femurs produced by static
loading with and without
casts,




Figure 6. Method of applying
static load to femurs.

--..*FRASTURE PRODUCED By POINT LOADING

A description has already been given of the nature of the ghaft
of the femur with particular reference to ite being thinest at the
middle of the shaft. This at once emphasizes a weak point in ite
architecture and it seemed, therefore, desirable to know its strength.

Casts were again placed over the articuleting ;surfaces of the -
head, medial and lateral epicondyles of the femur and a' gradual force
vas applisd to this structure in .he anterior-posterior direction at
the middle of the shaft in the mannar IndisgtEa in Figare 7.

| DIRECTION OF APPLIED FORCE (ANTERIOR SURFACE )

Figure 7. Method of applying loed to the middle
of the shaft of the femur.
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STRUCTURE ATE ING STRENGTH (STATIC

Middle of shaft of femur 1700 1lba.

A fracture, somevhat jagged in nature, occured immediately below
the impinging force. This fracture was similer to thet which would
be obtained if a hollow wooden cylinder was subjected to a bending
mozent beyond its elastic limit.

Mention has been wade that one of our purposes in this investi-
gation was to contribute to the vast amount of information which ie
ultimately to be used in the construction of an anthropomorphic
dummy. This was to be used in lieu of live human subjects in the
various phases of work on deceleration where it was neither desirable
nor possible to use live human subjects. With proper comatruetion,
this dumnmy is to exhibit the same tensile, compressive strength and

“the same damping effects as the human body.

In lire with this long range plan, the strength of the clavicle
was tested by means of the Olsen Lever Transgitting Machine and this
data compared with the ultimate bresking strength of a model clavicles
provided by the Wright-Patterson Air Force Base, Dayton, Ohio.

. Samples were mounted in cement casts, as 1nd1catmd in Figure 8,
end a gradual force was applied st the junction of the medial two-

thirds with the lateral one-third.

OIRECTION OF APPLIED FORCE

ing a static load to the
clavicles.

A fracture of the human clavicle is produced approximately 3 cm wedlal
10 the acromic-clavicular articulation. This is the ares, the lateral
one-third, in which the compact layer of bones becomes thin eand is
therefore, weak,

JADC TH 54218 26

Figure 8. Method of apply- '

—r.

s mbiames e el

S s A s B i,




STRUCTURE ULTIMATE BREAKING STRENGTH ZSTATIC;
Clavicle 230 1bs.
Model of clavicle e 260 1bs.

Model clavicles were nubjected to forces of graduated intemsity
by exactly the same technique. Though both models and human clavicles
have almost identicel breaking strength, the location of the fracture,
as was expected, was very dissimilar, Model clavicles fractured at
the Junction of the mediml two-thirds with the lateral one-third or
immediately below the point of applied force. This points out one
great difficulty in the construction of a model, the fact that the
material for construction of a dummy is ultimately homogenecus in
contrast to the heterogeneous construction of the elements of the
huan body,

In order to.acquire preliminary data relative to the strength of
the hip joint with femurs attached, a series of pelves was prepared
by denuding the musculature of both pelves and femura keeping intapt
the ligaments of the joint, the ilio«femoral, pubo-femoral, and the
ischio-femoral. These ligamerts constitute the chief part of the
erticular capsule of the joint. Since the capsule extends antériorly
ovér the entire surface of the neck of the femur and is inserted
along the intertrochanterie line, the neck ‘in ‘this region tust be ina
cluded as a part of the joint. Behind the capsule inclides about
two-thirds of the neck and as & result ‘the latéral porticn of the
posterior aspect of the neck is extracapsulas and should not be con-
gidered as part of the Joinc.

The dynamic strength of the joint was 1nvesbxgited by application
of foree deliveréd at the inferior surface of the neck of the femur
in a2 manner to simulate the action of a parachute harness. ‘Figure 9
makes this method clear.

Figure 9. A wmethod of apply-
ing load to the inferior sur-
face of the neck of the femurs.
The figure shows the eable
attachments to the hip joint
for testing the tolerance of
this structure to dynsmic force.
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For these experiments two bodies were used. By graduated falls
up to the limit of tolerance, damage was produced as fcllows:

In the first case {partially denuded of wuuscles) the joint capsule
was ruptured. This occurred in the weak area of the ilio-femoral liga-
ment. The ilio-femoral ligament, the strongest one of the hip joint,
enhances the strength of the articular capsule ebove and is shaped like
an inverted 'Y' with the apex attached to the ilium, and with base
attached to the greater trochanter and the inter-trochanteric line of
the femur laterally. As the ligament fans out to wake the lateral
attachment, a thin area is found between the two limbs of the '¥'. This
is the vulnersble place in the joint and the area that ruptured per-
mitting the bead of the femur to escape when subjected to 600 lbs. of

force.

T STRUCTURE ULTIMATE BREAKING SIRBNGTH (DYNAMIC)
let sample (denuded) 600 1vs.
2nd sample (completely intact) : "~ 7500 1lbs.

In the second specimen.(completely intact), the following results
occurred by graduated free fglls to the linmit of tolerance:

1. A fracture, unilateéral, through the supepion ratiue of the ..
pubis, thus breaking the tie or counter arch.of the femerc-
sacral arch of the pelvis. This allowed the pelvis to
spread and resulted in «

2, A bilatersl) fracture disjunction of the sacroiliaé Joint, |
The force necessary to cause fracture is summarized above.

Figure 10 will make clear the location of fracture inveclved in
this method of testing th> dymamic strength of the hip joint.

showing regions of
fracture,

!t UNILATERAL OR BILATERAL FRACTURE DISJUNGTION.
2. FRACTURE OF MEDIAL WALL OF ACETABULLM.
3 FRACTURE OF SUPERICR RAMUS - BILATERAL OR UNILATURAL.
- 4 FRACTURE OF INFERICR RAMUS - BLATERAL OR UNL. ZRAL.
® 3 AND 4 ARE COUNTER TES OF WEIGHT BEARNG
ARGHES OF PELVIS.
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The description of the pelvis showed that the anterior part of the
pelvic ring is formed by the union of the bodies of the pubic bones
from which rami, .juperior and inferior, extend laterally aud Lackwerd
uniting with the ilium and ischium of the lateral pelvic walls. The
anterior part of the pelvis may be considered as the counter arch or
tia that unites the weight bearing arches and im such a capscity, it is
vitally lumportent in meintaining the strength of the pelvis in ite
entirety.

Samples of pelves with soft tissue intact above the symphysis but
with pelvig contents removed, were aubjected to violence by meana of
the pile driver (Figure 3) already described. Forces of graduated in-
tensity were applied to the pubic region in an enterior-posterior di-
rection to the degree where fractures were induced. By virtue of the
reailiency of this pert of the pelvic ring, a foree of 595 lbs. was
required o cause fracture to this joint.

STRUCTURE ULTIMATE BREAKING STRENGTR (DYNAMIC)
Sywphysis Pukisa 595 1b§.

1n some tests, the superior remus fractured, and in others, both

- superior and inferior rami were involved in the fracture. Usually tho

injury was unileterai, but in one case it was bilateral and included -
both rami.

In thege fractures, tue damage was not confined altogether to the
anterior wall of the pelvis, but to the posterior wall as well, i.e.,
the sacro-ilisc joint. However, the dammge to the sacro-iliac joint
is & secondary involvement - fracture disjunction. The inference is
that the pubic rami are danaged and the principal weight bearing arches
having lost the tie which keeps them united, spread open and only then
involves the joint of the posterior wall.

Reference to Figure 10 will make clear the location of fracture
under this condition of violence.

Another seriee of tests were conducted on the sacro-iliac Joint
in order to determine whether or not a force delivered immediately to
this joint would involve fracturee of the femurs. It has been ascer-
tained that violence delivered to the inferior surface of the femur
(Figure 9) produces no fractures involving the femurs, but involves,
rather, the weight bpearing arches, since the combined sirength of
both femurs gives an extremely rugged and stromg sivuctural member,

With this data as background, the problem at this point way bes
clesrly steated: "Will violence delivired to the head of the femurs,
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vie the sacro-iliac Joint and weight bearing arches, inveolve fractures
of the femur"?

Pelves were denuded of all muscles. The ligaments of the hip
Joint and sacro-iliac joint were, however, kept intect. The sauple
vas then mounted 1n e cement cast up to about the distal third of the
femur with the sample oriented as in stianding. By means of the pile
driver (Figure 3) forces of gradusted intensity were delivered di-
rectly to the sacro-iliac joint to the point where fractures were in-
duced. Inspection of the data given below shows that a force of 830
lbs is of sufficient intemsity to cause fractures involving the gacro-
ilisc joint.

STRUCTURE ULTIMATE BREAKING STRENGTH (DYNAMIC)
Sacro-iliac joint 830 lus.

This wae a bilateral disjunction, ass was noted in several of the
preceeding tests. No rupture of ligaments occurred. As previous tests
on ligaments have shown, ligaments pull loose from their cartilagineous
mooring to the skeleton.

The inference from these tests shows also that the codbined strength
of both femurs 1s .stronger than the weight bearing erches. - - .- -

Reference is here made to Figure 10 of the preceeding sections for
the lo~ation of fractures.

The formetion of the lateral wall of the pelvis and the manner in
vhich the lateral wall enters into the formation of the acetabulum, .
and the cup-shaped socket that receives the head of the femur have bBeen
described. The upper part of the socket is directly related to the-
femoro-sacral arch and on the basis of this consideration, it is ad-
visable in determining the ultimate stremgth of the structure of the
pelvis to knov the strength of the lateral wall of the acetsbulum as
well., Knowledge of strength and the location of fractures is important
aleo when one considers that the delivery of force, such as during a
fall on the aide of the hip, may force the head of the femur into the
nelvic cavity.

In determining the strength of this wall (Figure 4), force was
applied first to the greater trochanters in the dry pelvis and later
to the soft tissues overlying the greater trochanters in pelves in
the recent state. The pile driver, which has already been described
(Figure 3) was used to deliver forces of graduated intensity up to
the limit of tolerance.
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STRUC TURE ULTIMA C
Laterel wall of acetabulum 800 1bs.

The force gredually increased to 800 1lbe. was of sufficient in.
tensity to induce fractures of the medial wall of the acetabulum and
to regions of its epiphyseal Jjunctions. Thuse, the fracture may be
radiating in character and accompanied by the bending in of the central
part of the acetabulum. In one instance, the head of the femur was
driven into the pelvic cavity acetabular fracture with central dis-
locations. Since none of the tests of the lateral wall degtroyed the
integrity of the femoro-sacral arch, though the force was delivered
directly belov its anterior extremity, it follows therefore, that the
sacro-iliac Jjoint was not involved in the initial injury.

Up to this point, the individual structures of the peivis and the
hip Jjoint have been tested for thelr ultimste strength and for the
location and extent of the resulting fractures. The existence of
wveight-bearing arches have already been mentioned on two ocecasions:

1. Fractures involving the sacrum with a force delivered
to the inferior aspect of the head of the femur, and

2. Practures involving the sacrom with a force deliveréd
to the anterior surface of the sympliysis pubis.

With this definite and important inter-relationship indicated,
an additional series of tests were conducted to determine the part
played by both the anterior and posterior pelvic walls on thé inher-
ent strength of the entire pelvic ring.

Pelves in this series were mounted in cement up t0 and including
the distal third of the femurs and has been described. The viscera
in the pelvis was removed, however, the muscles and ligaments were
left completely intact. Forces of gradual intensity up to the limit
of tolerance were lelivered by means of the pile driver directly and
immediately to ths sacro-iliac joint in order to interrupt the strength
of the posterior pelvic wall. Imspection of the data given below shows
that in this case, a force of 775 lbs. was of sufficient intensity to
cause a fracture digjunction of this point.

STRUCTURE ULTIMATE BREAKING STRENGTH (DYNAMIC)
Sacro-iliac Joint 775 1bs.
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This figure compares . avorably with the etrength of thie joint
as presented in the preceeding section. In that particular sample
a force of 830 caused a fracture disjunction of thils same Joint.

With the destruction of the posterior pelvic well, =nd hence, an
interruption of the weight-bearing arches, a force was then delivered
directly and suddenly to the sywphysis pubis, which it must be recall.
ed, is the union of the conjointed rawmi, i.e., the union of the super-
ior and inferior rami anteriorly. A force of 350 lbe. is of sufficient
intensity to cause & fracture in this area.

STRUCTURE ULTIMATE BREAKING STRENOTH (DYNAMIC)

Symphysis pubis with
fractured sacro-ilisc
Jodut 350 lbsa.

Fractures in thia case were identical in location to those found
in all other cases, i.e., involving a bilateral fracture of both the
superior and inferior ramus,

Having thus visualized the problem from the point of view of the
support that the anterior wall gives the postericr wall, the reverse
question also presented itself: "What support does the posterior well
give the anterior wallf"

Data has already been given relative to the atrength of the Joint
but will be repeated here for purpose of clarity. Force was delivered
by means of the pile driver to the anterior surface of the symphysis
pubis in order to disrupt the union of the weight-bearing arches in
front. Inspection of these data below.shows & force of 595 lbe. wae
of sufficient intensity to csuse a bilateral fracture involving both
the superior and inferior rami.

~—BTRUCTORE _
8ywphysis pubis ' 595 1bs.
Sacro-iliac Jjoint 480 1ba.

After disruption of this joint, the sample was wounted in cement
cast as were the preceeding samples. Force was again delivered direct-
ly and suddenly by means of @ pile driver toc the sacro-iliac joint.
Inspection of the above data shows that a force of 48O lbs. was of
sufficient intensity to cause a fracture of this Joint. Fracturea were
again identicel in nature 0 those herein described which involved tuis
Joint. (Figure 190)
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SECTION V

ANATOMICAL DISCUSSION AND CONCLUSIONS

Discussion

A history of the development of atudies relative to the strength
of bones and the methods for testing has alreedy been reviewed. Our
approech to the problem of strength of the pelvic girdle, inclusive
of the acetabulae and femurs, was to determine the ultimate breaking
strength of the isolated and intact series of structures that comprise
the hip Joint. With a knowledge of both static and dynamic tolerance
of this region, forces may then be kept within the limit of tolerance
in cases where human beings are willingly subjected td decelerative
forces. The same information should be particularly useful in the
construction of an anthropomorphic dummy to be used in experimentation
vhere the approach to the problem by using live humen individuails
might subjeut them to unforeseen hazard., To this end, we hope we heve
been successful.

We have selected the approach by studying ultimate btresking
strength of bones on the basis that it provided more useful inforuws-
tion than the study of strength by "stress coat" or by milling bones
to desired size 4nd studying strength per unit volume. Though our
approach has involved many difficulties, principally equipment, ve
believe the methods to L& fundamentally sound and the results to be
accurate to & 15%.

The difficulties in obtaining cadaver materials for this type of
experimentation should be obvious, especially since we have endeavored
to use only recent state materials rather than ordinary Medical Dis
secting Room materials.

The importancc of the adductor group of muscles was indicated in
the early stages of this investigation for the reason that the area
of the femur subjected to violence from a frze fall, such as jolt re-
ceived during opening of parachute, will depend upon the nature of
the adductor group of muscles. From the data indicated in the series
of experiments in which vioclence was delivered to the inferior surface
of the neck of the femur and in thcse in which this wedisl mess of
muscles was removed, no fractures were obtained which involved the
neck of the trochanters of the femur. Fractures were obtained only
in isolated testa on the femur.

Attention was, therefore, focused from the importence of this
medlal wmass of muscles to & survey of the weight-being arches,
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especially since fractures obtained in the completely intact specimen
occurred:

1. As a unilateral or bilateral fracture through the
superior ramus of the pubis, thus breaking the tie
or counter arch of the femoro-sacral arch of the
pelvis

2. As a bilateral fracture disjunction of the sacro-
iliac Joint.

It is, therefore, important at this time to emphasize certain
structural areas of the pelvis to which reference has already been
made; namely, the weight-bearing arches, two in nuumber and bilateral
in position.

SOLID LINE - FEMORO SACRAL ARCH SOLID LINE ~ ISCHIO SAGRAL ARCH

BROKEN LINE - COUNTER ARCH OR TIE BROKEN LINE - COUNTER ARCH OR TIE
rigure 11. Anterior View of Figure 12. Posterior View of
Pelvis Showing Femoro-Sacral Pelvis Showing Ischio-Sacrel
Arch Arch

One pair extends from the superior pubic rami backward and above
the acetabula to the sacrum through the ilio-sacral joints. (Figure 11)
This is, 1n fact, a bony buttress and may well be designated the
femoro-sacral arch and receives the weight of the body in standing.
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The other pair of wrchee passes from the lschisl tuberosities upward
end behind the acetabula to the sacrum through tne sacro-iliac Joint.
(Figure 12.) This constitutes another tony buttress the ischio-
gacral arch and functions in weight bearing in the sitting position.
These arches are further strengthened by counter-ties; the famoro-
sacral is tied in front at the symphysis by the superior pubic rami
and the ischioe-sacral at the pubic symphysis by the conjoint raml of
the ischium snd pubis. In determining the strength of the pelvis
these arches are important and must be carefully conaidered in the
conduction of tests on this region. On the basis of this informstion,
a series of tests was designed to determine the strength of the
sacrum, since through this Joint both pairs of pelvic arches become
confluent with the secrum and for this réascn aione, it constitutes
one of the most sigaificant articulations. The strength of this Joint
and type of Iracture have slready been described.

The strength of the lateral wall of acetabulum was also determined
because it is directly related to the fewmoro-sacral arch. In spite of
this reletionship, however, no tests produced fractures destroying
the integrity of the femoro-sacral arch though the force was delivered
directly below its anterior extremity; it follows, therefore, that the
sacro-iliac joint was not involved in the initial injury. S

fhe remaining wall, the anterior wall, is important because this
part of the pelvic ring ig formed by the union of the ‘bodies-of -the

- pubdc bones from which rafil,:the-superior and inferior, unit - the ilium"';‘“"k“

and ischium of the latersl pelvic walls. It unites the weight bearing .
arches in front. From the desoription.of frac ure obteined vhen this .
enterior wall is subjected to stress to the lidilt of tolerance, it is

at once apparent that a definite and well defined.rélationship exists. -
The secondary iovolvement of the sacreo-iliac¢ joint, fracture disJunction,
by fractures of the symphysis or anterior wall carries with it the in.
ference that damage to the rami, superior or inferior, aamagas the
principal arches and apreads open the joini.

A remaining series of experiments was designed to correlate the
strength the anterior and posterior wall givé to the inkerent strength
of the entire pelvic ring. The posterior wall wds firast disrupted before
tests were conducted on the anterior wa.l and conversely on another
sample, the anterior wall was disrupted before tests were conducted on
postericr wall. From the data presented herein, one wmay say genersally
that the posterior and anterior wall play equal part in the inherent
strength of the entire pelvic ring.

Conclusions
Methods, strength, and type and location of fractures have baen

described for the various structures of the pelvis, inclusive of the
acetabulum and femur. In the intact condition, fractures of the femurs
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&0 not occur when this force is applied by cebles to the interior swur-
face of the neck of the femur, or when a force is applied to the base

of the sacrum. Fractures of the lateral wall of the pelvis and sceta-
bulum do not produce fractures or disjunction of the sacro-iliac joint.
The strength of the pelvic ring is directly related to the strength

of the anterior and posterior wall and as such, the strength of these
walls muat be known to csorrectly ascertain the inherent strength of

the entire pelvic ring. Primary frectures of the pubic ramus-unilatersl
or bilateral, produce gecondary fractures or disJunction of the sacro-
iliac joint by disrupting the integrity of the counter-arch of the
pelvia. The counter arch is, therefore, the important factor in maine
taining the inherent strength of the pelvis for the reason that it ties
anteriorly, the weight-bearing arches that are counfluent with the sacrum.

SECTION VI
PHYSIOLOGICAL STUDIES
A. HICGH SPEED X-RAYS

Methods and Results

Previous date from this laboxratory - Joffee (108) « shows that
congestion ¢f the lungs interpreted &s congestive heart fallure is -
the primary résult of deceleration with abdominal safety belts, This
symptoa is also characteristie of non-penetrating chest injury. Since
litecature on the effects of abdominal safety belts is nil, & survey
was made of both the clinical and ‘experimental literature on nome
penetrating chest injury in order to determine the evidence for
production of cardimc failure. In line with cur second objective,
high speed X-ray atudies were carried out with the ussistance of
the Allegheny Ballistic Laboratory, Cumberland, Maryland.

Since none of the theories gleaned from the available literature
on ncnpenetrating chest injury explained couwpletely the mechanism
which we surmised was respomsible for cardiec failure, it seemed likely
that information cbtained by X-ray at the instant of deceleration might
supply part of the answer to this question.

Dogs were anesthetized with nembutal .and trested in accordance
with the standerds established by the American Medical Association.

Each dog was harnessed to an aluminum frame in such & manner as to
permit animals to fall freely a distance of 5 1/2 feet in superior-
inferior positioca. Two ve.ticel "I" beams about 24" apert (the width
of the frawe) were used as guides for this frame. A 3/4" hemp rope
was used as & tall line and was securely fastened aroundl the dogs
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abdomen. At the instant of deceleration, a force of 500 - 600 1lbs. was
delivered to the abdomen and the thorax by the action of the belt.

A Westinghouse high speed X.ray apparatus was synchronized in such
& manner that serial X-ray photographs at the rate of 50 framee per seaw-
ond were taken at the instant of decelerstion for approximately 1 1/2
seconds., The actual size of the individua) frames was 2 1/2 x 8 inches.
Several difficulties are obvious in this type of experiment.

l. The X-ray plate was not large enough to show
& clear cut cutline of the entire heart. It was possible,
however, to gbserve ¢ es in waximum transverse diam-
eter, gpaximum right (T3) and maximum left (TL) projec-
tions, as well as changes in surface area of cardiac
silhouette.,

2. It was not always bossible to direct the fall of the
dogs to the set position of the X.ray machine and to
the degree that thé{hua:t itself wvas always visualized.

3. .Because of the extremely fast speed of the machine and the
thickness of the thoracic cage of the dog, gany of the in-
dividual frames in the roll were under-exposed end, con-

L aequantly, 1o cardiac ailhouette could .be dbserved. ,

COntrol end experimtntal runs vere made in both’ thc unterior-poater-
ior and lateral positions. -Protocols for sach of the seven dugs, aceom-
pany this dinsertatiun, “together wiﬁh ﬁﬁﬁtiatioal sutinary of results.

Results were sufficieutly striking 1n Roll No. J so thet separate
measurements vere made on a total of 63 frames.

Figure 13 and 14 shows ths type of X-ray shadow taken ut the instant
of deceleration. Figure 15 shows ths type of méasurements taken from the
individual frames of the entire roll (containn 63 frames).

Maximum transverse - x
Maximum right and left projections - Ty and Ty respectively
Area of cardiac silbouette given by equation:
A- nfiLe
Where A = area
L = long diamgter
B = broad diameter.

These same measurements are used in the clinic as valuable diagnos-
tic aids in determining size of the cardiac shadow.

Individual measurements are recorded in Table I. The change in

values, indicated in the same table are plotted as oriinates with time
a8 abscisga.
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Figure 13, Heart shedows by high speed Xeray at instant of deceleration,
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Figure 14, Heart shadows by high =peed X-ray at instant of decelerstion
{continued),
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Figure 15, Heart Size Measurements

=

Legend:
Transverse Diameter = Tr + T1  (sum of maximum pro-
Jections to right and left heart borders
from midline)

Transverse Diamecter = X (maximum projection at the
level indicated)

Long Diameter = L (extends from Junction of cardiac
silhcustte and vascular pedicle on right
to apex on left)

Broad Diameter = B (greatest diameter of cardiac shadow
perpendicular to long diameter)

Calculated area from Long and Broad Diameters:
A=T/s LB
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SHANGE N Tg+ T,

Discussion

An inspection of the protocols shows, snd i1t has already been men-
tioned, that complete data could be obtalned from only one roll of the
total of 14 rolls. It must a8t the seme time be clearly pointed out
that this was due in the majority of cases t0 under-exposed film caused
by the rapid speed at which the X-ray machine was operated., It must
also be pointed out that Figures 13 and 14 are reduced in size from
the originals and the heart shadows, therefore, are not as clearly
defined as in the original.

Four of the rolls showed evidence cf transverse enlargement, but
unfortunately, these changes could not be analyzed in the same manner
end to the same degree as in roll No..1. Therefore, it is desirable
to fortify our argument conceraning the production of cardiac damage
with many measurements on roll No. 1. A total of 189 separate measure-
ments waes made on this roll and the results plotted on separate graphs.
Any one graph by itself might be conaidered a matter of chance; how-
ever, the element of chance is reduced if separate and distinct
measurements in graphs follow the same type of curves.

The data plotted as graphs in Figures 16, 17, 18 vas taken from
Table 1. The oscillation as shown by the graphs suggests the dogs
bounced sewveral times before coming to a complete standstill.

Protocols for the five dogs subjected to this experimental pro-
cedure are found in Table II.

Figure 16. Graph chowing
change in Ty + Ty .

FILM NUMBER (RATE = 50 FRAMLC /SEC}
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Figure 17. Graph
showing change in
transverse diameter.

&

[

GHANGE IN TRANSVERSE DIAMETER (M)

i HE— —— — i e~ e ge b
[ORPPINSUNUURUUOR SRy [ SE S SN - —— .

yto20 %0 40 50 60 10 30 30
FILM NUMBER (RATE =50 FRAMES / SEG)

Figure 18. Graph
shiowing change in
n/4 L+ B.

170 20 30 40 %0 80 10 %0 90
FILM NUMBER (RATE = 50 FRAMES /SEC)

Inspection and superimposing these three graphs show that peaks
and troughs occur in wost instances at precisely the same interval of
time. We must also meke clear that plotting of data from Table 1 does
not give the smoothk- curve indiceted in the threc graphs. It showed
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instead, an irregular force witli many swall vibrations. This question
immediately presented itself: “‘How shouwld this data be treated to
indicate the phenomenon most clearly?" Qeveral factors were consider-
ed before these data were plotted:

l. Preclse measurerents could only be wade with an
accuracy of £ 2 mm, therefore, differences of 2 mm
vere not congidered to be significant.

2. Examinstion of subsequent accelerometer readings
under the same conditions as these experiments show
damping effect of biological tissue consisting of
several peaks rather than one bell shaped curve.

It it, therefore, Justifiadle to consider changes
in transverse diameter and area of the cardiac sil-
houette in terms of damping with several peaks.

3. These data could be treated as moving averages which
would give a gmooth drive to some extent. However,
since these data are presented as qualitative :rrather
than quantitative measureuments, our treatment of
smoothing the curves without recourse to moving
averages ig Justified and the theory for production
of cardiac damage as a consequence of these Aata ie
believed valid,

A btrief description of the mechanismi postulated by investigators
in the field of nonpenetrating chest injury will first be given because
it 1s entirely possible that to some extent these mechanisms also play
& part in the production of injury. Five mechanisms have been suggested:

1. Work at Randolph Field (101) suggests that the vagus
is important in the mediation of conduction disturb.
ances and ectopic contractions. In their group of
three dogs, conduction disturbaances were found lesa
frequently in vagotiwmized animals and more frequently
than in the normal enimel in the group of animals
that had been given physostigmine.

2. Toe forcing of the blood intu the ventricle causing an
increage in intracardial pressure has been suggested,
and in the opinion of the authors appears to be a likely
cause of damage. In support of this, the work of Beck and
Bright (10) is cited. By applying pressure to the legs
end abdomen and forcing the blood back into the veantricle
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very rapidly caused rupture of the valves end of the
uyocsrdium and overdistension of the heart. The degree
of damage was directly related to the ability of the
heairt Lo accowcdaie to the increased blood supply.

3. The phagse of the cardiac cycle has been mentioned as a
means of inciting damage since the relaxed heart showed
less damage then the distended heart. A Randolph Field
report (102), bowever, showed thet there was no relation-
ship between the degree of electrocardiographic change
and the phase of the cardiac cycle at which impact
occurred,

L, gigler {24) (25) has stated that traums of the heart is
frequently overlooked because of the feeling that the
chest wall and the cushion effect of the lungs prevents
8 trauma. However, the fact thet the heart has a rather
loose attachment makes i1t vulnerable to practically any
force. Joffee (108 has shown that a force delivered, via
the chondrocostal arch, shows no damping effect, and the
force delivered to the arch is transmitted as such to the
heart.

5. 8Several investigators support the idea that a positive
pressure wave is set up in the great veseels and is
transmitted to the heart and responsible for damsge.
Potain, in 1894, proposed such an idea which he later
supported with experimental evidence showing heart
rupture with pressure differentiels of 896 mm Hg.

Oour experiments suggest that the mechanism by which cardiac dzmege
is produced in rapid deceleration invelves the actiion of the bdelt in
suddenly blocking blood flow in the abdvamen, both in the vena cava and
the abdominal aorta. Since tue fiow of blocd from the upper region of
tha body is toward the heart, the effect produced is similar to that
of a closed liquid syatem subjected to & force from below and above.
Therefore; the heart is squeezed between these two forces and stretched
in the transverse direction. This phenomena is analogous to the de-
formation cf a rubher beiloon filled with water which is suddenly and
foreibly deformed by forces acting from below and above. In these
experiments, the changes noted either diminished or completely dis-
apreared within a fraction of a second after the force was applied. Even
80, it is possible that thia force might produce cerdiac pathology by
momentarily stretching the muscle beyond its limit of distensibility.
Furthermore, it is likely that higher forces of deceleration might
resgult in permanent deformation of the myocardlum.
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Sumnery of High Speed X-ray Studies of
Dog Thorax After Rapid Deceleration

Doge were decelerated with 3/4 inch hemp rope from a free fall
of 5 1/2 feet, with a force between 500 and 600 lbs. All dogs lived
and showed no gross pathology at autopsy.

At no time could any evidence ¢f eventration or nerniation of
the hemidisphragms be i1dentified.

No evidence of fracture of the thorscic cage was noted.

Only four rolls demonstrated possible diffuse cardiac enlargement.
Of the four that demonstrated questiocnable enlargement of the pulmonary
artery segment or outflow tract, only two showed cardiac enlargement as
well (No. 3 and No. l).

Of'the three that demonstrated cloudiness in the lung fields, only
one vas of more than the costo-phrenic angles.

The most striking changes of all occurred in No. 1 where there was
diffuse infiltration in the lung fields bilaterally, associated with
cardiac enlergement and prominence of the pulmorary artery segment. All
of the changes disappsared vefore the roll wag completed. '

The findings that of the 23 visualized hemidiephregms, 13 changes

in location suggests that the animals "bounced" one or more times at
the completion of their drop.

STATISTICAL SUMMARY OF FILMS

Number of rolls 28
AP 1 Light films 1 8
Laterals 8 Light films 5 13
Obliques 7 g

28
Range of exposures/roll - 49 - 88

CARDIAC CONTOUR

Unchanged 1l (This Includes 10 Controls)
Inadequately seen 10
Incr. diameter 4
? inch pulmonary L of which only two were the same as
artery gegment increase in tctal diameter
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LUNGS

Clear 15
Clouded, but clzar 1
Clouded but 4id not eclear 3
Not clearly seen o

DECELERATION EXPERIMENTS
Methods and Results

This phase of the investigation was undertaken to fulfill the
third cbjective: "To measure the tolerance of dogs to rapid de-
celeration and to provide information which would contributed to the
solution of the controversy concerning the possible danger resulting
from the use of abdomiral sefety belte in rapid deceleration". Con-
sideratle data was accumulated in this lahoratory from the period
1946 to 1948 by Joffee (108). Several difficulties were encoutitered
during the phase of the invegtigation concerning eccurate meagure-
wents of the time and peak periods of decelerstion. In the words of
the investigator: "As will be brought out later, our results cn
living animals indicate beyond doubt. that decelerative forces, when
applied by means of the safety belt or harneas at the lower margin
of the ribs, produce cerdiac injury so characteristic of heart trauma
due to nonpenetrating chest wounde or eay zsrigisn, sad that a knowledge

of the Torce level at which this injury wight be manifest would be
of great velue",

We have attempted then, to provide the additional piece of in-
formation lacking in that investigation, i.e., to provide eccelerom-
eter measurements of the lethal dose of decgleration as determined
by an accelerometer mounted at the region of the fifth rib.

In the preceding section concerning the effects of ebdominal
deceleration as determined by hirh speed X.rays, we deacribed the
manner in which the forced 1s delivered to the lower region of the
ribs by these safety belts when the dog is oriented in the superior-

inferior poeition. Thie same method was used in this phase of ine
veatigation.

By suturing the accelerometer to the fifth rib, e rigid mount-
ing was cbtained, and under such conditions, deceleration readings
had no distortion which might otherwise have been caused by the
acceleration of the mass of the transducer itself.

Te date, four dogs have been subject ed to decelerative forces
of short duration. Data on the fourth dox is not complete, but the
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available data will, nevertheless, be given and final, uneguivocal
conelusions withheld until additional data 15 fortheoming.

Bagsed upon zross autopsy findings. Joffee (108) reported seven
out of seven dogs subjected to horisontal daceleration -of unknown
magnitude dled of cerdiac dilatation. We have atteapted in thig phase
of the investigastior to replace the subjective assessment c¢f cardiac
dilatation with objective measurements of the ares of the cardiac
silhouette by plenimeter on X-ray shadows taken before and after dea
celeration, and te further substantiate theese findings with histological
examination of section of heart tissue. Since avidence exists, clinical
and experimentel, that some damage is susteined by the liver and kidneys,

histological examinations were made also of these two organs.

Electrocardiographic changes for each of the first three dogs
have been summarized as to rhythm, P-R, QRS, GRST intervals, heart
rate, end individual measurements in amplitude of P, ¢, B, S, T
waves and the level of the ST segment in leads I, IIf, III.

It has been sentioned previously that the literature shows
cardiac trauma is associated in humans with nonpenstrating injury
to the chest. Joffe, in this lahoratory, showed that cardiac traume
produced experimentally in enimals with abdominal safety belts shows
resulte similar to those of nonpenetrating cheat injury. Both con-
ditions produce electrocardiographic changes involving the ST seg-
ment and the T wave. '

On the basis of this information, our evidence for the produc-
tion of cardiac traums is based on ths inveraion of the T wave with
sizultaneous elevation of the ST segment. Many other hizzare chenges
occur such as enlargement of the Q wave and changes in contour of the
QRS complex; but unfortunately, these changes cannot be accurately
described and cannot be correlated with eny specific heart demage.

Dog No. 1 (8cottie) was subjected to three separate falls from a
height of 5 1/2 feet with a force of approximately 20 g's acting for
0.1 seconds. This was done to destermine whether or not thore were any
accumulative sffects from repeated exposure to rapid decelerations.
Separate electrocardiograms were taken before and after each run and
are mounted in Figures 19 and 20. Protocols summarizing electro-
cardicgraphic changes are also presented. Exswminaticn will show that
no significant changes occurred except 10 minutes after the dscelera-
tion of the first run. Slight inversion of the T wave was noted with
simaltarieous elevated takeoff of the ST segment. It is, however,
doubtful that these slight changes can be interpreted as definite
cvidence of cardiac dawage. No X.rays are available on this dog.
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Second snd third drop were wade from the same height about a
wveek apart. Seriel electrocardiograms following these two drops
shov no evidence of damage and the inference ig thet animals toler-
ate this megnitude end duraticn especially well and that littile
accumulative effects are produced from repeated sublethal doses cof
rapid deceleration, This dog was sacrificed about 3 weeks follow-
ing third drop.

Dog No. 2 (Huund) was dropped in the same manncr as indicated
in the preceeding experiment, sustaining a force of 56.7 g's for a
period of 0.06 seconds at the level of the fifth rib.

The most significant changes in the electrocardiogram occurred
five minutes after the drop. In this series, the T wave appears in
lead I, whereas the control showed no wave. The T wave is inverted
end is accompanied by a slightly higher takeoff of the ST segment.
Taese changes, according to the literature (1) (24) (30) (34) (35),
indicate that sowe cardiac damage has been produced with a free fall
from a height of 12 feet with the magnitude and duration of force
indicated. The following series of electrocardiograms in Figures
21, 22, 23 and 24, and the accompanying summaries shows these
changes to become less noticable as time goes on. It is doubtful
that any permanent damage was produced, :

Histological examination of heart sections showed ‘only iaclated
small hemorrhagees in the mwocardium, no degeneration of the paren-
chymatous myosardium was noted. B5wmall subcapsular hemorrhages of
the liver wer: noted. No changss in renal tissue was noted. None
of these changes is believed to be sevure enough to cause discoufort
or death to the animal,

.Serial X-rays of this animal showaed changes in the area of the
cardiac silhouette emounting to approximately 5 sq om. This dila«
tation practically disappears in about three weeks. This dog was
sacrificed about three weeks following last drop.

Dog No. 3 (Brownie) was dropped from a height of 12 1/2 feet.
Accelerometer record is not svailable, but on the basis of subsew
quent experiments using the same apparatus, the estimated force is
50 g's acting for 0.05 seconds.

Serial electrocardiograms (Figures 25, 26, 27, apd 28) wvere
taken for a period of three weeks following the deceleration at
which time the animal was sacrificed and histologicel mecticns
made of heart, liver and kidney.
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The most significant electrocardiographic changea were noted
in which a definite einus arrhythmis with simultaneous changes in-
volving the ST segment persizted until the time the dog was sacri-
ficed.

Histological examination showed no damage 0 the kidney or any
degeneration of the myccardium. Small areas of hemorrhage were
noted in the myocardium and in the subcapsular area of the liver.
None of these changes arev believed of sufficient inteansity to
cause distress or discomfort to the animsl, Measurement of the
cardiasc siihouette revealed no significant changeas.

A force of 55 g's vas applied to the thorax of Dog No. &
(Lady). As has been pointed out, couplete data 1s not available
on this dog., Control electrocardiogram showed inveraion of the
T wave in all leads, but it must alac be emphasized that the in-
version became deeper anl the 8T segment elevated following the
drop. This dog died 10 days later, but it cannot be determined
whether death in thie case was caus2d by or merely haatened by
the effects of the deceleration. Ar autopsy, parasites wvere found
tc have invaded the intestinal tract and undoubtedly was re-
sponsible for the general emsciation of the dog prior to death.

Changes in the cardiac silhouette were minimal. Significant
changes were noted in Dog No. b in the histologicel examination
of the heart, liver, and kidney. BSections of the heart showed
the coronary tree to be engorged with blood with small heworrhages
appearing throughout the myogcardtium, According to veterinary
pathologist none of the three parasites (Dinofilaris, Sarcosporidia,
Toxoplaaza) which are known to invade heart tissue in the dog
could be responsible for the lesions found in this dog. None of
these purasites, according to a veterinary pathologist are knowm
to cause hemorrhsges as v=3 noted in these sectiona. Larger
véssels of the heart appeared normal., The hemorrhage areas wvere
noted in the arteriocles and venules of the myocardium.

Some hemorrhage was noted in the ranel tissue and there was
gencral congestion of the vessels of the cortex involving the inter-
lobar vessgels.

Large hemorrhage areas were noted Iin the liver at the periphery
of the inferior border and extending into the septa of the larger
vesseis., Hepatic tissue appeared normal, but liver sinuses were en-
gorged in some sections and ruptured in others. Smell hemorrhage
areas were also noted along the chief portsl vessels.
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Coaclusions

As has alreaiy heen mentioned, final conclveions must be waived
on this phase of the investigation until additional data is forth-
coming. To dete, it has not been possible to deliver enough deceler-
atlon from freefall conditions to produce anything cowparsble to the
cardiac damsge under the conditions of Joffeetls (108) experiments.

Nevertheless, one may, at this point, hazard & guess as to the
limit of tolerance of dogs to decelerative forces epplied at the
lower region of the ribs, Since we have produced some wminor dammge
10 the heart at the level of g's indicated (56 g's) in these experi-
wents, the lethal dose of deceleration might possibly e reached at
approximately 100 g's acting for Q,)l seconds.

Enough evidence has been reviewed to at least suggest sowe of
the possible dangers resulting from use of the abdominal type safety
belt, Though the heart, by virtue of its position, sesems particularly
vulnerable to violence, the liver and kidpey way also bve included as
areas in which damege to viscera might be produced.
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Figere 19, Electrocardiogram
of Dog. No, 1 (control).,
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cardiogram of Dog No. 2

Figure 21, Electro-
(control).
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